The performance of a commercial microplate latex agglutination assay, the Verotox-F assay, was compared with that of the Vero cell assay for the detection and characterization of Escherichia coli verocytotoxins (VTs). Culture filtrates of 68 VT-positive E. coli strains (65 human isolates [33 of serotype O157:H7/H؊, 32 of non-O157 serotypes] and 3 reference strains) and 104 VT-negative strains (100 human isolates and 4 reference strains) were investigated. The toxin phenotypes and genotypes of the 68 VT-positive isolates were VT1 only (18 strains), VT2 and/or VT2c (33 strains), and VT1 plus VT2 (17 strains). The Verotox-F assay involved incubation of serial dilutions of culture filtrates with equal volumes of latex particles sensitized with anti-VT1 antibody or anti-VT2 antibody in 96-well microtiter plates with appropriate controls and examination for latex agglutination after 20 to 24 h. Compared to the results of the Vero cell assay, the Verotox-F assay was 100% sensitive and 100% specific for the detection of VTs in culture filtrates and correctly identified the toxin types of all 68 VT producers. By checkerboard titration with purified toxins, the sensitivity of the Verotox-F assay was found to be 14 pg (0.7 ng/ml) for VT1, 12 pg (0.6 ng/ml) for VT2, and 350 pg (17.5 ng/ml) for VT2c; this sensitivity is comparable to that of the bioassay. The anti-VT2 latex reagent detected both VT2 and VT2c and did not cross-react with VT1. The anti-VT1 reagent showed a low-level cross-reaction with VT2c only at levels (>4.5 g/ml) that were about 1,000-fold higher than those found in culture filtrates. We conclude that the Verotox-F assay is highly sensitive and specific for the detection and characterization of VTs in culture filtrates of human E. coli isolates. The test is rapid, reliable, and easy to perform; its results are easy to interpret; and it should allow testing for VT to become more widely performed.
Verocytotoxin (VT)-producing Escherichia coli (VTEC) (17) , also referred to as Shiga-like toxin (SLT)-producing E. coli (20) or Shiga toxin (Stx)-producing E. coli (5) , is associated with a spectrum of disease that includes diarrhea, hemorrhagic colitis, and the classical hemolytic-uremic syndrome (HUS) (8, 13, 14) . HUS results from systemic VT-mediated damage of capillary endothelial cells in the kidneys, gastrointestinal tract, central nervous system, and other organs (21, 25, 26) . Human VTEC isolates produce one or more VTs (14, 28, 29) which are called VT1 (SLT-I; Stx1), VT2 (SLT-II; Stx2), and VT2c (SLTIIc; Stx2c) (5, 20) . VT1 is serologically distinct from VT2 (and VT2c), and the toxins are not cross-neutralized by heterologous antisera in tissue culture assays (9, 11, 28) . Conversely, VT2 is completely neutralized by antiserum to VT2c, whereas VT2c is only partially neutralized by antiserum to VT2 (9, 11) .
Although the VTEC isolates associated with human disease belong to a broad spectrum of serotypes including O157:H7 and more than 100 others (8, 14) , VT production is a common virulence trait of these strains (14) . Consequently, the use of assays that detect VT production represents a more reliable approach to the diagnosis of VTEC infection than the use of assays that rely on the detection of a specific serotype such as O157:H7 (8, 14) . However, the standard Vero cell cytotoxicity assay for the detection of VT (13, 17) is slow, labor-intensive, and difficult to standardize and requires cell culture facilities and additional VT neutralization experiments for identification of the VT type (11, 13) . These drawbacks limit the applicability of the assay in clinical microbiological laboratories. The objective of this study was to compare the performance of a commercial reverse passive latex agglutination (RPLA) assay (the Verotox-F assay) with that of the Vero cell cytotoxicity assay for the detection of VT in E. coli culture filtrates and for the characterization of toxin phenotypes.
(Material from the manuscript was presented in part at the 62nd Conjoint Meeting on Infectious Diseases, Montreal, Canada, 20 to 24 November 1994 [abstr. 13a] , and at the 95th General Meeting of the American Society for Microbiology, Washington D.C., 21 to 25 May 1995 [12a] .)
MATERIALS AND METHODS
Bacterial strains. The 172 E. coli strains investigated comprised 68 wellcharacterized VTEC strains and 104 VT-negative strains. The VTEC strains included three VT-positive reference strains from our collection, namely, H.30 (VT1), C600(933W) (VT2), and E32511 (VT2c) (17, 20) , and 65 clinical isolates. The latter were isolated from Canadian and Czech pediatric patients with HUS or diarrhea in previous studies (2, 3, 13, 15) and belonged to the serotypes O157:H7/HϪ (nonmotile) (n ϭ 33 strains), O1:HϪ (n ϭ 1), O26:H11/HϪ (n ϭ 12), O55:H? (H antigen not determined) (n ϭ 2), O91:H21 (n ϭ 1), O111: H8/HϪ (n ϭ 11), O113:H21 (n ϭ 2), O117:H4 (n ϭ 1), O118:H30 (n ϭ 1), and O121:H19 (n ϭ 1).) The VT-negative strains consisted of four reference strains and 100 clinical isolates. The reference strains were ATCC 25922 (nonpathogenic), TD213C2 (producer of heat-stable enterotoxin [ST] ), TD427C2 (producer of heat-labile enterotoxin [LT]), and CL114 (enteroinvasive). The VT-negative clinical isolates were E. coli strains from the stools of children who were hospitalized for respiratory tract infections or from the urine of children suspected of having urinary tract infection.
Culture filtrates. To obtain culture filtrates, the strains were grown overnight in Penassay broth (antibiotic medium 3; Difco Laboratories, Detroit, Mich.), and the supernatants were filtered through 0.22-m-pore-size membrane filters (Millipore Corp., Bedford, Mass.).
Vero cell cytotoxicity assay and VT phenotyping. The Vero cell assay was performed as described previously (13) . The VT titer was expressed as the reciprocal of the highest sample dilution that caused a cytotoxic effect in 50% of the cells in the Vero cell monolayer after 3 days of incubation. The breakpoint for a positive result was a titer of Ն4. The VT phenotype was determined by neutralization assays (11, 13, 19) with antisera to purified VT1, VT2, and VT2c (4, 10) .
VT genotyping. The presence of the VT1, VT2, and VT2c genes in the Canadian VTEC strains was investigated by using the PCR methods of Pollard et al. (24) and Tyler et al. (31) , and their presence in the Czech isolates was investigated by the PCR method of Rüssmann et al. (27) .
Verotox-F assay. The Verotox-F assay (Denka Seiken Co., Ltd., Tokyo, Japan) was performed according to the manufacturer's instructions. By using 96-well V-bottom microtiter plates (Gamedium, Ř íčany, Czech Republic) or U-bottom Immulon 2 plates (Dynatech, Inc., McLean, Va.), serial twofold dilutions of culture filtrates were mixed with equal volumes (25 l) of latex particles sensitized with rabbit polyclonal anti-VT1 or anti-VT2 immunoglobulin G antibody. The plates were covered, incubated at room temperature, and examined for latex agglutination after 20 to 24 h. The titer of VT1 and VT2 was expressed as the reciprocal of the highest filtrate dilution that caused agglutination of the respective latex reagent; a titer of Ն2 was considered a positive result. The positive and negative controls included in the kit (purified VT1 and VT2 and latex particles sensitized with normal rabbit immunoglobulin G, respectively) were run with each assay.
Toxin purification. VT1 was purified as described previously (22) from JB28, an E. coli TB1 strain (kindly provided by J. Brunton) that had been transformed with recombinant plasmid pUC19B containing VT1 genes cloned from bacteriophage H19B (6). VT2 was purified from E. coli DH5␣(pJES120), which was kindly provided by J. E. Samuel. VT2c was purified from strain E32511 (11), as described by Head et al. (10) .
Checkerboard titration. Serial twofold dilutions of purified VT preparations and of culture filtrates of reference strains H.30, C600(933W), and E32511 were examined for their Verotox-F VT titers and Vero cell cytotoxicity titers. The starting concentrations of purified VT1, VT2, and VT2c for checkerboard titrations were 3.6 ng (0.18 g/ml), 6 ng (0.3 g/ml), and 180 ng (9.0 g/ml), respectively.
RESULTS
Comparison of Verotox-F assay with Vero cell assay for detection of purified VTs and VTs in culture filtrates of reference strains. The sensitivities of the Verotox-F anti-VT1 and anti-VT2 latex reagents for the detection of purified VTs were assessed and compared with that of the Vero cell assay by using checkerboard titrations (Fig. 1) . The Verotox-F anti-VT1 latex reagent and the bioassay detected purified VT1 in a dosedependent manner, with the limits of VT1 detection being 14 pg per well (0.7 ng/ml) (Fig. 1A) . The anti-VT1 latex reagent showed no cross-reaction with purified VT2 but cross-reacted with large amounts (Ն90 ng per well [Ն4.5 g/ml]) of purified VT2c (Fig. 1A) . The Verotox-F anti-VT2 latex reagent (Fig.  1B) showed dose-dependent reactivity with both purified VT2 and purified VT2c, but it did not cross-react with purified VT1. The sensitivity of the anti-VT2 latex reagent for the detection of purified VT2 (12 pg per well; 0.6 ng/ml) was 30-fold higher than that for the detection of purified VT2c (350 pg per well; 17.5 ng/ml) (Fig. 1B) . For assays with both toxins, this sensitivity was two-fold higher than that of the Vero cell assay (Fig. 1B) .
The sensitivity of the Verotox-F assay for the detection of VT1 and VT2 purified in our laboratory was in agreement with that for the detection of purified VT1 and VT2 included in the kit as positive assay controls. The control VT preparations (concentration, 50 ng/ml) had titers of 64 (VT1) and 128 (VT2) in assays with the corresponding VT latex reagents, which indicated that the anti-VT1 and anti-VT2 reagents detected 20 pg of the homologous control VT per well (0.8 ng/ml) and 10 pg of the homologous control VT per well (0.4 ng/ml), respectively; no cross-reactivity was seen between the latex reagents and the heterologous control VTs (data not shown).
In checkerboard titration experiments with culture filtrates of VT reference strains H.30 (Fig. 1A) , C600(933W) (Fig. 1B) , and E32511 (Fig. 1B) , the Verotox-F anti-VT1 and anti-VT2 latex reagents detected corresponding crude VTs in a dosedependent manner and with a sensitivity that was the same as that of the bioassay [C600(933W) filtrate] or with a sensitivity that was twofold (E32511 filtrate) or fourfold (H.30 filtrate) lower. None of the culture filtrates reacted with the heterologous VT latex reagent (data not shown). No reaction of the Verotox-F anti-VT1 or anti-VT2 latex reagent was observed with culture filtrates of four VT-negative E. coli reference strains, including nonpathogenic strain ATCC 25922, enterotoxigenic strains TD427C2 (LT positive) and TD213C2 (ST positive), and enteroinvasive strain CL114 (data not shown).
Comparison of Verotox-F assay with Vero cell assay for detection and characterization of VT in culture filtrates of clinical E. coli isolates. As demonstrated in Table 1 , the Verotox-F assay was 100% sensitive and 100% specific compared with the results of the bioassay for the detection of VT in culture filtrates of clinical E. coli isolates.
FIG. 1.
Comparison of the assay with the Verotox-F anti-VT1 latex reagent (A) and anti-VT2 latex reagent (B) with the Vero cell cytotoxicity assay for the detection of purified VTs and VTs in culture filtrates of reference strains H.30 (VT1), C600(933W) (VT2), and E32511 (VT2c). Serial twofold dilutions of purified VT preparations starting from the indicated toxin concentrations (boxed numbers) and of culture filtrates were titrated with the Verotox-F anti-VT1 latex reagent (A) and/or with the Verotox-F anti-VT2 latex reagent (B) and by the Vero cell assay. The Verotox-F assay VT1 and VT2 titer and the Vero cell cytotoxicity titer indicate the reciprocals of the highest dilutions of the samples that caused agglutination of the Verotox-F assay latex reagents overnight and a 50% cytotoxic effect in the Vero cell monolayer after 3 days of incubation, respectively. The arrows indicate the smallest amounts of purified VTs detectable with the Verotox-F assay anti-VT1 and anti-VT2 latex reagent.
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The performance of the Verotox-F assay for the identification of the VT types of 65 clinical VTEC isolates was then compared with that of the Vero cell phenotyping assay; in addition, VT genotyping of the isolates was performed to confirm the VT phenotypes. On initial testing, 61 (93.8%) of 65 VTEC isolates of phenotype and genotype VT1 (16 strains), VT2 (17 strains), VT2c (6 strains), VT2 plus VT2c (7 strains), and VT1 plus VT2 (19 strains) were of the same toxin type also by the Verotox-F assay, with all 30 producers of VT2 and/or VT2c being detected by the anti-VT2 latex reagent. Retesting of the four strains with discrepant results (Table 2) confirmed the initial VT type detected by the Verotox-F assay for all of them; moreover, it was found that the VT types determined by the Verotox-F assay showed 100% correlation with those found on repeat phenotyping by the Vero cell assay (Table 2) and on repeat genotyping (data not shown). The Verotox-F assay thus correctly identified the VT types of all 65 VTEC strains, showing a specificity of 100% for the characterization of the two major VT phenotypes, VT1 and VT2, in culture filtrates of clinical VTEC isolates. The VT titers found in the culture filtrates by the Verotox-F assay are presented in Table  3 . Most of the 65 clinical VTEC isolates had VT1 and VT2 titers of Ն16 by the Verotox-F assay. A titer of 4 was observed for eight VT2 producers and none of VT1 producers. A titer of 8 was found for four VT1 producers and six VT2 producers.
DISCUSSION
Since the detection of VT represents a rational, serotypeindependent strategy for the diagnosis of VTEC infections, simple and reliable procedures that allow the detection of VT production by clinical isolates are required. For this purpose, we evaluated the performance of a microplate latex agglutination assay, the Verotox-F assay, for the detection and characterization of VTs in E. coli culture filtrates by comparing the results of the assay with those of the standard Vero cell cytotoxicity assay (13, 17) . The Verotox-F assay was found to reliably detect the three VTs produced by human VTEC strains, namely, VT1, VT2, and VT2c, showing no cross-reactivity with LT and ST of E. coli. The sensitivity of the Verotox-F assay for the detection of purified VTs was nearly identical to that of the Vero cell assay (Fig. 1A and B) . By detecting 0.7 and 0.6 ng of VT1 and VT2 purified in our laboratory per ml, respectively, and 0.8 and 0.4 ng of control VT1 and VT2 provided by the manufacturer per ml, respectively, in our hands the sensitivity of the Verotox-F assay for the detection of the toxins agreed well with that declared by the manufacturer (1 to 2 ng/ml). The absence of cross-reactivity of the anti-VT1 and anti-VT2 latex reagents with the heterologous purified toxin, namely, VT2 and VT1 (Fig. 1A and B) , respectively, is consistent with a lack of cross-neutralization between VT1 and VT2 in the Vero cell assay (9, 11, 28) . Similarly, the ability of the anti-VT2 latex reagent to detect purified VT2c, even though the sensitivity was significantly lower than that for the detection of VT2 (Fig.  1B) , corresponds to only partial cross-neutralization of VT2c by the anti-VT2 antibody in Vero cells (9, 11) . Given the lack of cross-neutralization between VT1 and VT2c in the Vero cell culture (9, 11), we observed low-level cross-reactivity between the anti-VT1 latex reagent and large quantities of purified VT2c (Fig. 1A) , but this is not of diagnostic significance.
When used for investigation of clinical E. coli isolates, the Verotox-F assay was found to be 100% sensitive and 100% specific compared with the results of the Vero cell assay for the detection of VT in culture filtrates (Table 1) and 100% specific compared with the results of phenotyping by the Vero cell assay and VT genotyping for the characterization of two major VT types, VT1 and VT2. The discrepancies in the results of the initial Vero cell VT phenotyping assay and the Verotox-F VT typing assay for four O157:H7 strains (Table 2) probably resulted from the loss of the VT1 or VT2 gene before testing by the Verotox-F assay for three of the strains; the spontaneous loss of VT genes during laboratory storage and subcultures has previously been shown to be quite frequent for non-O157 VTEC strains (12) . Important for the practical diagnostic use of the Verotox-F assay is the finding that the anti-VT2 latex reagent, even though it is 30-fold less sensitive to purified VT2c than to VT2 (Fig. 1B) , gave a positive result with culture filtrates of all six clinical isolates that produced VT2c only. On the other hand, although the anti-VT1 latex reagent showed cross-reactivity with large amounts of purified VT2c (Fig. 1A) , it did not cross-react with any of VT2c-containing culture filtrates, suggesting that the amount of VT2c produced in culture filtrates was low enough to avoid the cross-reactivity.
The results of our study corroborate and extend the earlier findings of Beutin et al. (1), who used the VTEC-RPLA assay kit (Denka Seiken Co., Ltd.), which is identical to the Verotox-F assay (18) . We tested a larger collection of strains with better-defined controls and negative samples to determine the 
a All the strains belonged to serotype O157:H7. b As determined by VT neutralization tests (11, 13, 19 sensitivity and specificity of the assay; moreover, we defined the limits of detection of verotoxins in culture filtrates compared to those of highly purified toxins. Beutin et al. (1) performed the VTEC-RPLA assay with polymyxin B extracts of bacterial colonies, whereas we performed the test with bacterial culture filtrates. VTEC isolates that are associated with pig edema disease produce the toxin VT2e (8, 14) , which is serologically related to VT2 (11). Beutin et al. (1) tested toxin extracts from three pig edema disease strains and found that none was detected by the VTEC-RPLA assay. This is of practical diagnostic interest given that VT2e-producing strains have been isolated, albeit rarely, from humans with enteritis (23) and HUS (30) .
In addition to the latex agglutination assay described in our study, other immunospecific assays for the detection of VT have been developed (7, 16) . In particular, an enzyme-linked immunosorbent assay system, the Premier EHEC Assay (Meridian Diagnostics, Inc.), was shown to be useful for the detection of VT both in bacterial isolates and in fecal filtrates (16) ; however, the assay does not allow identification of the toxin type. In contrast, the Verotox-F test has yet to be validated for the detection of the toxin in fecal filtrates. On the other hand, the Verotox-F assay kit is particularly useful for the testing of individual bacterial isolates for VT production, and its ability to type toxins may be of epidemiological significance. Laboratorians may thus select either assay to address specific needs.
